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To investigate the mechanism of egg activation in Xenopus, unfertilized eggs were treated with various oligopeptides
related to the RGD sequence-containing peptides. When dejellied eggs were treated with RGDS at concentrations higher
than 250 mM, the eggs produced a positive-going activation potential concomitant with intracellular Ca2/ release. The
eggs underwent cortical granule breakdown, cortical contraction, and resumption of meiosis. The activation by RGDS was
independent of the voltage of egg membranes. GRGD, GRGDTP, and RGPFPI caused activation in some eggs, but RGES,
RFDS, GPRP amide, and GPA did not. Denuded eggs were activated by Sepharose beads bound to RGDS, indicating an
interaction of the RGD sequence with receptor molecules on the egg plasma membrane. The activation by RGDS did
not occur under a Ca2/- and Mg2/-free condition, but occurred in a Ca2/-free solution containing Mg2/, concomitant
with an intracellular Ca2/ release. These results indicate that a receptor of the RGD sequence on egg plasma membrane
causes egg activation through an intracellular signal transduction system. A sperm agonist including the RGD sequence
may play an important role in egg activation through the egg membrane receptor during the normal fertilization process.
q 1996 Academic Press, Inc.
INTRODUCTION rum against a fragment of the receptor induces egg activa-
tion in some eggs (Foltz and Lennarz, 1992). Recently, appli-
cation of proteases to eggs of the star®sh, Asterina miniata,Sperm induces egg activation to initiate embryonic devel-
caused activation responses similar to those seen at fertil-opment at fertilization. Although the mechanism of how
ization (Carroll and Jaffe, 1995). These ®ndings may supportthe stimulation by sperm induces the intracellular Ca2/ re-
the possibility that there is an extracellularly exposed pro-lease which is an indispensable signal for egg activation is
tein that transduces a signal from the sperm to initiate eggstill controversial between species, there are several possi-
activation at fertilization.bilities (Miyazaki et al., 1993). (1) An agonist on the sperm
In mammals, membrane binding and fusion betweenmembrane binds to a receptor molecule on the egg mem-
sperm and egg is mediated by fertilin, formerly named PH-brane to produce inositol 1,4,5-tris-phosphate (IP3), which
30, which is an integral membrane glycoprotein on the pos-results in Ca2/ release from a Ca2/ store in egg cytoplasm;
terior region of mammalian sperm (Primakoff et al., 1987;(2) the sperm agonist induces Ca in¯ux through the egg
Blobel et al., 1992). The a subunit of fertilin possesses aplasma membrane to cause the propagative Ca2/ release;
region that resembles a viral fusion peptide (Blobel et al.,and (3) a substance, introduced through the connection be-
1992), which may be involved in membrane fusion. The btween the sperm and the egg, causes egg activation.
subunit of fertilin contains a disintegrin domain, an inte-In the egg of the invertebrate, Urechis caupo, activation
grin-binding domain, at its amino terminus (Wolfsberg etcan be induced by a protein isolated from the sperm acro-
al., 1993) which may be important for binding of mem-some (Gould and Stephano, 1987, 1991; Gould et al., 1986).
branes prior to membrane fusion. Integrins have also beenIn sea urchin eggs, a transmembrane glycoprotein on the
detected on the surface of mammalian eggs (Tarone et al.,egg plasma membrane was characterized as a receptor for
1993; Sutherland et al., 1993) and the binding of sperm tosperm binding (Foltz et al., 1993) and treatment with antise-
egg membrane is inhibited by immunobeads coated by RGD
sequence-containing peptides that serve as ligands for inte-
grins (Fusi et al., 1992, 1993). Recently, Almeida et al. (1995)1 To whom correspondence should be addressed. Fax: /81-839-
33-5768. E-mail: iwao@po.cc.yamaguchi-u.ac.jp. have provided direct evidence that the integrin a6b1 is a
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cell±cell adhesion receptor that mediates sperm±egg bind- and cytoskeletal organization (for a review, see Yamada and
Miyamoto, 1995). Integrins induce many types of signalsing in the mouse system. In this respect, it is possible that
fertilin b, binding to the integrin, may initiate the events including Ca2/ in¯ux, H/ exchange, and protein tyrosine
phosphorylation. Interestingly, an increase in intracellularof egg activation (Myles, 1993).
In the frog Xenopus, the sperm triggers a transient and Ca2/ was induced by RGD sequence-containing peptides in
osteoclasts (Shankar et al., 1993, 1995). Thus, investigationpropagative increase in intracellular level of free Ca2/ ions
(Busa and Nuccitelli, 1985; Nuccitelli et al., 1993) which of the role of integrins in Xenopus fertilization would be
worthwhile in order to clarify the molecular mechanism ofis an indispensable signal for egg activation (Kline, 1988).
Although in Xenopus a sperm factor that initiates egg acti- egg activation in vertebrates.
In order to understand the mechanism of egg activationvation remains unknown, the sperm initiate hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2) to produce IP3 that operates in the initial phase of Xenopus fertilization,
we examined whether RGD sequence-containing peptides(Stith et al., 1993, 1994). Injection of IP3 into unfertilized
eggs induces egg activation, and injection of heparin which can activate the eggs. We have demonstrated in the present
study that an RGDS peptide induces intracellular Ca2/ re-is known to inhibit the activity of IP3 receptors inhibits egg
activation by sperm (Nuccitelli et al., 1993). Furthermore, lease to cause egg activation.
IP3 mass increases after fertilization of Xenopus eggs prein-
jected with BAPTA or heparin (Stith et al., 1994). IP3 recep-
tors are localized in the cortical endoplasmic reticulum in MATERIALS AND METHODS
Xenopus eggs (Kume et al., 1993). These ®ndings strongly
indicate that Xenopus sperm induces the propagative Ca Chemicals and Solutions
release by producing IP3. The peptides Arg-Gly-Asp-Ser (RGDS), Arg-Gly-Glu-Ser (RGES),
Remarkable in amphibian fertilization is the demonstra- Arg-Phe-Asp-Ser (RFDS), Arg-Gly-Pro-Phe-Pro-Ile (RGPFPI), Gly-
tion of sperm components involved in the regulation of Arg-Gly-Asp (GRGD), Gly-Arg-Gly-Asp-Tyr-Pro (GRGDTP), Gly-
initiation of egg activation. Cross-fertilization between eggs Pro-Ala (GPA), and Gly-Pro-Arg-Pro amide (GPRP amide) were pur-
of a voltage-insensitive species and sperm of a voltage-sensi- chased from Sigma-Aldrich Japan K.K., Tokyo or Peptide Institute,
tive species has been shown to be voltage-sensitive (Iwao Inc., Osaka.
De Boer's solution (DB) contained, in mM: 110 NaCl, 1.3 KCl,and Jaffe, 1989). In a cross between species with voltage-
1.3 CaCl2, 5.7 Tris±HCl (pH 7.4); Steinberg's solution (SB) con-sensitive eggs and species with voltage-insensitive sperm,
tained 58 NaCl, 0.67 KCl, 0.34 CaCl2, 0.85 MgSO4, and 4.6 Tris±fertilization is voltage-insensitive (Jaffe et al., 1983; Iwao et
HCl (pH 7.4); NKP solution contained 120 NaCl, 7.5 KCl, 4al., 1994). Furthermore, in a cross between species in which
NaH2PO4, 6 Na2HPO4 (pH 7.2); Ca-free phosphate buffer (Ca-freeboth sperm and egg are voltage dependent (but in which the
PB) contained 1 EGTA, 50 Na2HPO4, 50 NaH2PO4, 5 KCl (pH 7.0);voltage required to block fertilization differs), the voltage Ca-containing phosphate buffer (Ca-PB) contained 1 CaCl2 50
required to block fertilization is a property determined by Na2HPO4, 50 NaH2PO4, 5 KCl (pH 7.0).
sperm (Iwao and Jaffe, 1989). These results support the hy-
pothesis that the voltage-sensitive component of egg activa-
Gametestion is contributed by sperm. Recently, we have demon-
strated that Xenopus eggs can be activated by an extract of Clawed frogs, Xenopus laevis, were purchased from dealers and
Cynops sperm and that voltage dependence of egg activation maintained in our laboratory. To obtain mature eggs, females
by the sperm extract is sensitive to external Ca2/ ions (Iwao were injected with 300±500 IU of human chorionic gonadotropin
et al., 1994). The active component in the sperm extract is (HCG; Teikoku Zoki, Tokyo) in the dorsal lymph sac and were
probably a protease localized in the sperm acrosome (Iwao kept at 187C for 12 hr. Jelly coats of the eggs were removed by
immersion in 2% cysteine±HCl (pH 8.2), which was followed byet al., 1994) which causes an increase in Ca2/ in¯ux to
thorough washing with 100 mM NaCl and 50 mM Tris±HCl (pHinduce the propagative Ca2/ release on the whole egg surface
7.0). The dejellied eggs were kept in DB at 187C and used within(Iwao et al., 1995). These ®ndings suggest that the fertilizing
2 hr. The sperm stock was obtained by mincing a piece of testissperm transmits a signal to produce IP3 into egg cytoplasm
in 1/3 DB and stored on ice until use. For insemination of dejelliedat the time of binding between sperm and egg membranes.
eggs, sperm were suspended in an egg jelly extract, prepared by
Xenopus eggs contained mRNA for several integrin sub- shaking jellied eggs in 1/3 DB (about 8 ml of solution per 3 g of
units: a5 , b1 , b3 , and b6 (Ransom et al., 1993; Whittaker eggs) for 30 min (Kline et al., 1991). After adding 10% Ficoll, the
and DiSimone, 1993). Differential expression of a5 and b1 jelly extract was stored at 0207C until use. The jelly extract (150
integrin subunits was investigated during Xenopus em- ml) was combined with a sperm stock (15 ml) containing 1/2 testis
bryogenesis (Gawantka et al., 1994; Joos et al., 1995). These in 200 ml DB.
observations suggest that these integrins may be expressed
on the egg membrane. Many integrins express a binding site
Assay for Activation of Xenopus Eggs by RGDSdescribed by a tripeptide sequence Arg-Gly-Asp (RGD) that
is present in a variety of cell adhesive proteins (Hynes, About eight dejellied, unfertilized eggs were placed in a well
1992). Furthermore, integrins mediate transmembrane sig- made of polystyrene (diameter: 6.4 mm) ®lled with 50% SB. After
removing as much solution as possible, 100 ml of the peptide dis-nal transduction in addition to their roles in cell adhesion
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8286 / 6x10$$$262 07-10-96 19:44:51 dba AP: Dev Bio
560 Iwao and Fujimura
TABLE 1solved in 50% SB was added. Since about 40 ml of 50% SB was left
in the well, ®nal concentration of the peptides in the well was Activation of Xenopus Eggs by Various Peptides in 50% SB
estimated to be about 70% of that of the peptides added. Activation
of Xenopus eggs can be detected in the live egg by movement of No. of
eggspigments, cortical contraction, and formation of a fertilization coat.
The eggs which underwent cortical contraction within 30 min after Concentrationa No. of eggs activatedc
Peptides (mM) treatedb (%)the treatment were judged as activated by the treatment. Sections
of Xenopus eggs were examined in order to con®rm breakdown of
RGDS 1.0 40 40 (100.0)cortical granules, as well as emission of the second polar body. Eggs
0.5 36 35 (97.2)were ®xed in Smith's solution and embedded in paraf®n. The 10-
0.25 29 15 (51.7)mm-thick serial sections were stained with Feulgen's reaction and
0.125 43 2 (4.7)fast green for observation of nuclei or by the PAS reaction for obser-
0.063 35 0 (0.0)vation of cortical granules.
0.031 37 0 (0.0)RGDS, RGES, or RFDS peptide was coupled to NHS-activated
GRGD 1.0 37 7 (18.9)Sepharose beads (average diameter: 13 mm, Pharmacia Biotech Co.,
GRGDTP 1.0 37 4 (10.8)Tokyo) using a Pharmacia protocol with some modi®cations for
RGES 1.0 31 0 (0.0)washing procedure by centrifugation. One milligram of the peptide
RFDS 1.0 40 0 (0.0)was dissolved in 1 ml coupling buffer (0.2 M NaHCO3, 0.5 M NaCl,
RGPFPI 1.0 37 11 (29.7)pH 8.3). About 50 ml of the activated beads was suspended in 1 mM
GPA 1.0 50 0 (0.0)HCl, centrifuged at 500g for 5 min, and then suspended in the
GPRP amide 1.0 50 0 (0.0)peptide solution. After incubation at 47C overnight, the beads were
None Ð 50 0 (0.0)washed with buffer A [0.5 M ethanolamine, 0.5 M NaCl (pH 8.3)]
and with buffer B [0.1 M acetate, 0.5 M NaCl (pH 4.0)] by centrifuga- a Concentration of the peptide solution added to the eggs; thetion with an excess amount of each buffer. The beads were then
®nal concentration in the well was estimated to be about 70% ofincubated in buffer A for 30 min. After washing with buffer A and
the concentration added.buffer B, the beads were kept in 0.05 M NaH2PO4, 0.1% NaN3 (pH b Eggs were obtained from 3±4 animals.7.0) until use. Vitelline envelopes of dejellied eggs were removed c Activation was scored by the occurrence of cortical contraction.with watchmaker's forceps. A denuded egg was placed in a small
well on an agar plate ®lled with 25% SB and then 2±3 ml of the
peptide-coupled beads suspended in 25% SB was added to the ani-
mal hemisphere. Egg activation was determined 30 min after treat-
stored in NKP solution containing 4% PVP until use. Since 25±50ment with the beads.
nl of the solution was injected into each egg, the ®nal concentration
of aequorin in the egg cytoplasm was 5±10 mg/ml. The egg was
placed in a test tube containing 100 ml of an appropriate solution,Electrical Recordings
and then 10 ml of 5 mM peptide solution was added (®nal concentra-
To record a fertilization or an activation potential, one electrode tion: 500 mM). The luminescence emitted from aequorin in the
(10±20 MVwith 3 M KCl) was inserted into the animal hemisphere presence of Ca2/ was measured with a luminometer (LB1253, Bio-
of an egg in an appropriate solution (about 200 ml), by increasing Orbit Oy, Turku). The total number of photons collected each sec-
the capacitance compensation to produce oscillation. For voltage ond was stored during the experiments. The signal without an egg
clamping, two electrodes were inserted, one (10±20 MV) for mea- in a recording chamber was less than 0.2 photons/second.
suring the membrane potential and another (2±3 MV) for passing
the current. Recordings were made with a microelectrode ampli®er
(MEZ-7101 or MEZ-8301; Nihonkohden), a digital storage oscillo- RESULTSscope (DS-6612; Iwatsu), a voltage clamp ampli®er (CEZ-1100; Ni-
honkohden), and a chart recorder (WR-3701; Graphtec). Currents
Activation of Xenopus Eggs by RGDSwere measured with a converter between ground and an Ag±AgCl
reference electrode, which was connected to the bath via an agar
To determine whether RGD-containing peptides causedbridge. Experiments were carried out at 18±237C.
egg activation in Xenopus, unfertilized eggs were treated
with the peptides listed in Table 1. About eight dejellied
eggs were placed in a small well ®lled with 50% SB. AfterMeasurement of Intracellular Ca2/
as much solution as possible was removed, leaving about
Measurement of intracellular Ca2/ in Xenopus eggs was per- 40 ml in the well, a peptide solution (100 ml) was added. The
formed according to the methods of Kubota et al. (1987) with some ®nal concentration of the peptide in the well was estimated
modi®cations. Aequorin (Wako Chemicals Co., Osaka) was dis- to be about 70% of the original concentration that was
solved at a concentration of 1 mg/ml in 150 mM KCl and 5 mM added (concentrations given in the text refer to the solution
Hepes at pH 7.5 containing 0.01 M EDTA/1 M aequorin. To avoid
before addition to the well). When the eggs were treatedarti®cial activation at the time of insertion of a micropipet for
with 250 mM RGDS, about 52% of the eggs underwent corti-microinjection, dejellied eggs were placed in Ca-free PB containing
cal contraction (Figs. 1A and 1C), and almost all the eggs4% polyvinylpyrrolidinone (PVP) and injected with a glass micropi-
were activated by treatment with RGDS at concentrationspet with a tip diameter of 10±20 mm. The injected eggs were incu-
bated in Ca-PB containing 4% PVP for several minutes and then higher than 500 mM (Table 1). The appearance of the cortical
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To further examine the activation responses induced by
the RGDS peptide, a microelectrode was inserted into a
dejellied, unfertilized egg in about 200 ml of 50% SB, and
then 5 ml of 10 mM RGDS peptide was gently added to the
animal hemisphere of the egg with a micropipet. The egg
produced a positive-going activation potential reaching a
peak of /1 mV 1±3 min after treatment (Fig. 2A). The peak
of positive potential was slightly smaller than that of a
fertilization potential induced by Xenopus sperm (Fig. 2B,
Table 2); one factor contributing to this difference could be
the use of dejellied eggs for the peptide experiments. The
time course of the potential change was quite similar to
that at fertilization (Fig. 2B; Table 2). The peptide-treated
egg then underwent cortical contraction 4±5 min after the
rise of the activation potential. Resumption of meiosis to
form a swollen pronucleus (Figs. 1B and 1D) and discharge
of cortical granules (Figs. 1E and 1F) were con®rmed by
cytological sections. Thus, the activation response of Xeno-
pus eggs with RGDS is quite similar to that with sperm.
Activation by RGDS-Coupled Beads
To examine whether RGDS interacts with a compo-
nent(s) on the egg plasma membrane or after entering the
egg cytoplasm, unfertilized Xenopus eggs were treated with
Sepharose beads to which RGDS, RGES, or RFDS had been
coupled. To make contact between the peptide-coupled
beads and egg plasma membranes, an egg whose vitelline
envelope had been removed was placed in a small well on
an agar plate in 25% SB and then 2±3 ml of the Sepharose
beads was added to the eggs to cover their whole animal
FIG. 1. (A) An unfertilized egg, showing the pit, which indicates surface. When treated with RGDS-coupled beads, 41% of
the location of the second meiotic spindle (arrow), in the center of the eggs (n  34) underwent cortical contraction (activa-
the white spot on the animal hemisphere. (B) Metaphase chromo-
tion), whereas no egg was activated by RFDS-coupled beadssomes of the egg shown in A. (C) Cortical contraction of an egg
(n  16) or uncoupled beads (n  32). About 9% of the eggstreated with 250 mM RGDS in 50% SB at 15 min after treatment.
(n  23) were, however, activated by treatment with RGES-(D) Swollen egg pronucleus of the egg shown in C, 45 min after
coupled beads in this condition. When RGDS-coupled beadstreatment. (E) Cortical granules in the cortex of an unfertilized egg.
(F) Disappearance of cortical granules in an egg treated with 250
mM RGDS in 50% SB, at 15 min after treatment. Bars in A and C
are 1 mm. Bars in B and D±F are 10 mm.
contraction was similar to that observed at fertilization,
although it was not initiated locally as seen at the sperm
interaction site. About 15% of the activated eggs then un-
derwent abnormal cleavage 1.5 hr after treatment. When
dejellied eggs were treated with other RGD-containing pep-
tides, such as GRGD or GRGDTP, less than 20% of the
eggs were activated at 1.0 mM (Table 1). Thus, RGDS was
more effective than GRGD or GRGDTP. Other RGD-re-
FIG. 2. Electrical responses of dejellied Xenopus eggs. (A) A posi-lated peptides, RGES and RFDS, had no effect on egg activa-
tive-going activation potential produced by RGDS (10 mM, 5 ml)
tion, but 1 mM RGPFPI caused activation in about 30% of in 50% SB. The peptide solution was added to the surface of the
the eggs treated. No egg was activated by GPA and GPRP animal hemisphere with a micropipet having a tip diameter of 0.2
amide. These results indicate that RGD-containing pep- mm. (B) A positive-going fertilization potential produced by a sperm
tides, in particular RGDS, can activate unfertilized Xenopus in 50% SB. Arrows indicate timing of RGDS treatment or insemina-
tion. (*) Beginning of cortical contraction.eggs.
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TABLE 2
Electrical Responses of Xenopus Eggs to RGDS or Xenopus Sperm
Interval
Interval between
between start positive-
of treatment Peak of going
and positive- positive- potential and
Membrane potential going going cortical
before treatment potential potential contraction
Treatmenta (mV) (min) (mV) (min)
RGDS peptide (10 mM, 5 ml) 011 { 3b 2.7 { 0.8 /1 { 4 3.1 { 0.9
Xenopus sperm (106 cells/ml, 20 ml) 017 { 4 4.2 { 2.1 /8 { 2 4.7 { 0.8
a RGDS peptide experiments were performed using dejellied eggs in 50% SB. Insemination experiments were performed using jelly-
intact eggs in 50%.
b Mean { SD (n  8). Eggs were obtained from 3±4 animals.
were added to the vegetal hemispheres, 28% of the eggs eggs by RGDS. However, there is no speci®c requirement
for external Ca2/.(n  18) were activated. These results suggest that RGDS
interacts with molecules on the egg plasma membrane to
induce egg activation.
Changes in Intracellular Ca2/ Activity during
Activation by RGDS
Requirement of Divalent Cations for Activation by
To monitor changes in intracellular Ca2/ activity duringRGDS
fertilization or activation by RGDS, dejellied, unfertilized
To investigate whether activation by RGDS requires diva- Xenopus eggs were injected with 25±50 nl of 1 mg/ml ae-
lent cations, dejellied eggs were treated with 500 mM RGDS quorin. When aequorin-injected eggs were then inseminated
solutions (®nal estimated concentration: 350 mM) con- in 50% SB with sperm suspended in jelly water, the lumi-
taining various concentrations of Ca2/ and Mg2/ (Table 3). nescence due to an increase in intracellular Ca2/ was de-
When the eggs were treated in 50% SB (0.175 mM Ca2/, tected about 139 sec after insemination (Fig. 3A; Table 4).
0.85 mM Mg2/), all the eggs were activated. When treated After a peak about 4 min after insemination, the lumines-
in Ca2/-free 50% SB (1 mM EGTA and 0.85 mM Mg2/), 48% cence gradually decreased, but continued for about 7 min
of the eggs underwent activation. About 57% of the eggs after fertilization. The number of counts before insemina-
were activated by RGDS treatment in Mg2/-free 50% SB (1 tion was 5.6{ 0.7 counts/sec (mean{ SEM, n 10), and the
mM EDTA and 2 mM Ca2/), whereas activation did not peak count was 1770{ 300 counts/sec. Cortical contraction
occur in Ca2/- and Mg2/-free 50% SB containing 1 mM was con®rmed after the end of recording.
EDTA. These results indicate that an extracellular divalent When aequorin-injected eggs were treated with 500 mM
cation, Ca2/ or Mg2/, is necessary for activation of Xenopus RGDS (®nal concentration) in 50% SB (0.175 mM Ca2/,
0.425 mM Mg2/), a sudden increase in intracellular Ca2/
occurred within 14{ 3 sec (Fig. 3B; Table 4). The intracellu-
lar Ca2/ release reached a peak about 30 sec after treatment
TABLE 3 (2603 { 754 counts/sec) and lasted for about 7 min. The
Effects of Divalent Cations in External Medium on Activation of egg underwent cortical contraction. Although we could not
Xenopus Eggs by 500 mM RGDS determine the exact concentration of intracellular Ca2/ in
the egg cytoplasm, RGDS apparently induced an increaseComposition of solutions (mM)a No. of
in intracellular Ca2/ concentration similar in amplitude andNo. of eggs activated eggs
duration to that induced by a fertilizing sperm. Further-Ca2/ Mg2/ EDTA EGTA treatedb (%)
more, when an aequorin-injected egg was treated with 500
0.17 0.425 Ð Ð 48 47 (97.9) mM RGDS in Ca2/ free-50% SB (1 mM EGTA and 0.85 mM
Ð 0.85 Ð 1.0 48 23 (47.9) Mg2/), the egg was activated and intracellular Ca2/ release
2.0 Ð 1.0 Ð 44 25 (56.8) occurred (Fig. 3C; Table 4), indicating that extracellular
Ð Ð 1.0 Ð 48 0 (0.0) Ca2/ ions are not necessary for intracellular Ca2/ release by
RGDS.a Solutions also contained 29 mM NaCl and 2.4 mM Tris±HCl
To determine whether the Ca2/-releasing activity is spe-(pH 7.4).
b Eggs were obtained from 4 animals. ci®c to RGDS, an aequorin-injected egg was treated with
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indicate that the capacity to induce intracellular Ca2/ re-
lease is speci®c to RGDS.
Voltage-Independent Activation by RGDS
Since activation of Xenopus eggs by a fertilizing sperm is
voltage dependent (Iwao et al., 1994), the voltage depen-
dence of egg activation by RGDS treatment was examined.
Dejellied Xenopus eggs were treated with RGDS (10 mM,
5 ml) during clamping at various voltages in 10 or 50% SB.
When the egg was clamped at /30 mV in 50% SB (0.175
mM Ca2/), activation of the egg was not prevented (Fig.
4A). About 2.5 min after RGDS was added, a large outward
current was recorded: the activation current corresponded
to the increase in membrane permeability associated with
the activation potential. Cortical contraction was observed
about 3 min after the onset of the outward current. All eggs
whose membrane potentials were clamped between 020
and /40 mV underwent activation during voltage clamping
(n  5). Furthermore, egg activation was not prevented dur-
ing clamping at /40 mV in 10% SB (34 mM Ca2/) (n  5).
Because the addition of 50% SB or RGES onto the clamped
eggs did not cause egg activation, activation was not caused
by mechanical injury on application of the solutions.
By contrast, when an egg clamped at/20 mV was insemi-
nated, activation was prevented during clamping for more
than 10 min (Fig. 4B). The egg produced an activation poten-
tial with several spikes soon after the clamp was turned
off and then underwent cortical contraction. These results
indicate that egg activation induced by RGDS is indepen-
dent of the voltage of the egg membrane.
DISCUSSION
In the present study we have demonstrated that Xenopus
eggs can be activated by an RGD sequence-containing oligo-
peptide, Arg-Gly-Asp-Ser (RGDS), concomitant with an in-
crease in intracellular Ca2/. All the early activation re-
sponses induced by RGDS were quite similar to those in-
duced by a fertilizing sperm. The number of eggs which
FIG. 3. Increase in intracellular free Ca2/ level of aequorin-in- formed abortive cleavage furrows was, however, relatively
jected Xenopus eggs in response to a fertilizing sperm or the RGD small. This is probably due to lack of a sperm centriole
sequence-related peptides. (A) Insemination. (B) Treatment with
which is necessary for cleavage (Tournier et al., 1991). The500 mM RGDS in 50% SB. (C) Treatment with 500 mM RGDS in
disturbance of the cortical cytoskeleton by RGDS mightCa2/-free 50% SB. (D) Treatment with 500 mM RGES (®rst arrow)
also inhibit cleavage, because RGD-directed proteins, suchand with 500 mM RGDS in 50% SB, showing intracellular Ca2/
as integrins, are connected with the cortical micro®lamentsrelease by RGDS, but not by RGES. Arrows indicate the time of
in many types of cells (Hynes, 1992).insemination or RGDS addition.
In addition to RGDS, GRGD and GRGDTP caused egg
activation in some eggs, but no egg was activated by RGES,
RFDS, or GPRP amide. These results indicate that the RGD
sequence is capable of activation of Xenopus eggs. A posi-500 mM RGES (Fig. 3D; Table 4). In some cases, a very low
increase in luminescence (13 { 3 counts/sec) was observed, tively charged arginine residue in the amino terminus of
RGDS might be important for interactions with an egg com-but no egg underwent cortical contraction. After treatment
with RGES, the same egg was treated with 500 mM RGDS. ponent, since the one exception is RGPFPI, which caused
activation in some eggs. This is the ®rst report of vertebrateThe egg showed a large increase in intracellular Ca2/ (Fig.
3D) and then underwent cortical contraction. These results egg activation by the small peptides, but in an invertebrate,
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TABLE 4
Intracellular Ca2/ Increase Induced by Sperm or RGD-Related Peptides
Interval between start of
treatment and intracellular Peak of intracellular Ca2/ Number
Treatmenta Ca2/ increase (sec) increase (counts/sec) of eggsb
Insemination 139 { 34c 1770 { 300 5
RGDS (500 mM) 14 { 3 2603 { 754 6
RGDS (500 mM) under
Ca2/-free condition 20 { 4 3140 { 738 6
RGES (500 mM) 28 { 6 13 { 3 6
a Eggs were treated in 50% SB except for Ca2/-free condition (see Materials and Methods).
b Eggs were obtained from 3±4 animals.
c Mean { SEM.
Urechis, eggs are activated by an oligopeptide, Val-Ala-Lys- in activities of protein tyrosine kinases in the egg, since
increased tyrosine phosphorylation occurs upon integrin en-Lys-Pro-Lys, which is a component of a sperm acrosomal
protein (Gould and Stephano, 1991). This positively charged gagement with ®bronectin: the RGD sequence-containing
proteins in ®broblast cells (Guan and Shalloway, 1992;peptide activates 100% of the eggs at a concentration of 200
mg/ml; this is comparable to our ®nding of activation of Schlaepfer et al., 1994), which may stimulate phospholipase
C-g to produce IP3. In this connection, it will be importantmore than 97% of Xenopus eggs by RGDS at 500 mM (217
mg/ml). to analyze the relationship between intracellular Ca2/ re-
lease and opening of Cl0 channels in the egg plasma mem-Activation of Xenopus eggs by RGDS-coupled Sepharose
beads indicates that the peptide causes activation through brane, because the onset of the small increase in intracellu-
lar Ca2/ by RGDS seems to precede to the onset of genera-binding to the receptor molecules on the egg plasma mem-
brane, rather than in the egg cytoplasm after diffusing into tion of the activation potential. Simultaneous recording of
voltage and calcium will be needed to resolve this issue, tothe eggs. The rapid increase in intracellular Ca2/ concentra-
tion in response to RGDS treatment is consistent with this avoid the possibility that the difference in kinetics arises
from a difference in mixing time during peptide addition.conclusion. Treatment with RGES-coupled beads activated
a small percentage of eggs (9% vs 41% with RGDS). This The binding of immunobeads coated with the RGD-con-
taining peptides to mammalian eggs indicates the presencemight be due to prolonged treatment with the beads. In
addition, RGES peptide can induce a small increase in intra- of integrins on the egg surface (Bronson and Fusi, 1990; Fusi
et al., 1992, 1993). In mouse eggs, several types of a and bcellular Ca2/. The treatment of animal hemispheres with
RGDS-coupled beads was more effective for egg activation subunits of integrins are present on the egg surface (Tarone
et al., 1993; Almeida et al., 1995). Among them, integrinthan that of vegetal hemispheres, which corresponded with
the result that the activation events in frog eggs are more a6b1 functions as a receptor to bind sperm (Almeida et al.,
1995). In amphibians, integrin av protein is observed on thedif®cult to initiate in the vegetal hemisphere, probably due
to a difference involving Ca2/ regulation (Elinson, 1986). oocyte membrane of Pleurodeles (Alfandari et al., 1995).
The only information about integrin proteins in XenopusSince under these conditions some RGDS-coupled beads
contacted the equatorial region of the egg, and Xenopus egg membrane is that the b1 integrin is not present (MuÈ ller
et al., 1993). However, Xenopus oocytes contain maternalsperm entered in the unpigmented vegetal hemispheres,
near the equator, of BAPTA-injected eggs (Kline, 1988), the mRNA of integrin subunits: a5 ,b3 and b6 , as well as b1
(Ransom et al., 1993; Whittaker and DeSimone, 1993), sug-activation caused by the treatment of vegetal hemispheres
is not inconsistent with the animal hemisphere localization gesting possible localization of these integrins on the egg
membrane. An antibody against integrin av induced a riseof sperm receptivity on the Xenopus egg surface (Grey et
al., 1982). in intracellular concentration of Ca2/ in endothelial cells
(Schwartz and Denninghoff, 1994). The known receptorsRGDS induced intracellular Ca2/ release causing activa-
tion of Xenopus eggs in the absence of extracellular free among integrins require divalent cations such as Ca2/ or
Mg2/ for binding to their ligands (Gailit and Ruoslahti,Ca2/. This ®nding suggests that RGDS causes a release of
Ca2/ ions from intracellular Ca2/ stores, such as the cortical 1988; Kirchhofer et al., 1990, 1991), which is consistent
with the requirement of divalent cations for Xenopus eggendoplasmic reticulum. Since sperm stimulate production
of IP3 in Xenopus eggs, which initiates the Ca2/ wave at activation induced by RGDS. Thus, it is possible that RGD-
containing peptides bind to integrin family proteins on Xen-fertilization (Nuccitelli et al., 1993; Stith et al., 1994),
RGDS might stimulate this intracellular signal transduc- opus eggs to induce egg activation. On the other hand, the
relatively weak activation by GRGD and GRGDTP whichtion system. It will be interesting to investigate changes
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teins, called ADAM for a disintegrin and metalloprotease
domain (Wolfsberg et al., 1995). It appears that binding is
mediated by a disintegrin sequence of fertilin engaging the
integrin a6b1 on the egg membrane (Almeida et al., 1995).
Thus, it is possible that Xenopus sperm have a fertilin ho-
mologue which contains a disintegrin region, for example,
the RGD sequence which binds the egg membrane inte-
grins.
In this respect, we have demonstrated that Xenopus eggs
can be activated by an extract of the sperm of the newt,
Cynops, and its active component is probably a protease in
the acrosome (Iwao et al., 1994, 1995). The sperm protease
might cleave the RGD-binding proteins on the egg mem-
brane to cause activation. Alternatively, the protease might
expose the RGD sequence to transmit a signal into egg cyto-
plasm after binding to the receptors, since it is proposed
that the spatial orientation of RGD sequence is constructed
by very different conformations in different proteins, such
as gII crystallin, a-lytic protease, or thermolysin (Ruoslahti
and Pierschbacher, 1987). Furthermore, since fertilin in
mammalian sperm is predicted to have dual proteolytic and
adhesive functions (Wolfsberg et al., 1995), a similar mole-
cule with dual functions, as a protease and in integrin bind-
ing, might function in Xenopus fertilization.FIG. 4. Electrical responses of voltage-clamped, dejellied Xenopus
Another question emerging from the present study is howeggs to RGDS or a fertilizing sperm. (A) An egg was clamped at
to reconcile the inconsistency between the voltage depen-/30 mV in 50% SB. About 2.5 min after treatment with RGDS (10
dency of fertilization by sperm and the voltage indepen-mM, 5 ml), a large outward current (750 nA) was recorded. Cortical
contraction was detected about 3 min after the start of outward dency of activation by RGDS. While an agonist on the
current. (B) An egg was clamped at /20 mV in 50% SB. The clamp sperm membrane which interacts with the RGD-binding
was maintained for 10 min after insemination; during this time, receptors might cause egg activation, the voltage depen-
very little change of holding-current was recorded, and no cortical dency might be mediated by a part of the agonist different
contraction and no sperm entry spots were seen at the egg surface. from an RGD sequence. In this respect, a factor of Cynops
Ten sec after the clamp was turned off, a positive-going fertilization sperm extract could be an interesting candidate as a sperm
potential occurred. Cortical contraction occurred about 4 min after
agonist to explain the voltage dependency on fertilizationthe start of the depolarization. The upper trace shows voltage as a
(Iwao et al., 1994, 1995). Since the activation of Xenopusfunction of time; the lower trace shows current as a function of
eggs by the Cynops sperm extract is dependent upon voltagetime. Arrows in A and B indicate the start of treatment with RGDS
under very low concentrations of external Ca2/, a similarand the time of insemination, respectively. OFF, turning-off of the
voltage clamp. factor of Xenopus sperm, but which has a different Ca2/
sensitivity, could mediate the voltage-dependent activation
in Xenopus fertilization. However, since the Cynops sperm
factor requires extracellular Ca2/ to cause intracellular Ca2/
release (Iwao et al., 1995), the interactions between thecontain a complete RGD sequence seems to be inconsistent
with the above notion of involvement of integrins. Further- sperm factor and the RGD-binding proteins should be fur-
ther investigated.more, it has been reported that RGD-containing peptides
induce calcium signaling as well as cell adhesion in osteo- The results obtained in this study invite speculation that
a sperm agonist containing the RGD sequence causes eggclasts, but two events can be separated (Shankar et al.,
1995). Thus, activation of Xenopus eggs by RGD peptides activation through interaction with a receptor molecule on
egg plasma membrane. Although further investigation willmight be mediated by a novel molecule different from inte-
grin family proteins. be necessary for determining whether integrins operate as
receptors for egg activation in the normal fertilization pro-Does Xenopus sperm have a RGD sequence-containing
ligand (agonist)? In mammals, fertilin a/b (previously called cess, our study provides an ef®cient probe to help to clarify
the molecular mechanism of egg activation in Xenopus.PH-30) has been described and characterized in guinea pig
sperm (Primakoff et al., 1987; Myles et al., 1994; Wolfsberg
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